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Introduction {#irv12106-sec-0006}
============

Seasonal influenza transmission varies throughout the world with time of year and region.[1](#irv12106-bib-0001){ref-type="ref"} The mechanisms behind influenza seasonality are not well understood; however, multiple factors, including virological, immunological, environmental, and social factors likely contribute to the observed seasonal patterns of influenza transmission.[2](#irv12106-bib-0002){ref-type="ref"}, [3](#irv12106-bib-0003){ref-type="ref"} These factors give rise to annual influenza epidemics during the winter months in Northern and Southern Hemisphere temperate climates.[4](#irv12106-bib-0004){ref-type="ref"} In tropical and subtropical climates, influenza activity may be detected throughout the year, although there is increasing evidence of a notable seasonal component to influenza activity in some tropical countries.[3](#irv12106-bib-0003){ref-type="ref"}, [5](#irv12106-bib-0005){ref-type="ref"}

Pandemic influenza viruses can emerge at any time of year, but it is not clear whether the factors that drive yearly seasonal influenza transmission influence transmission of a novel virus to which the population has little immunity (resulting in increased population susceptibility, higher attack rates, and prolonged viral shedding in comparison with seasonal influenza). It has been postulated that there were seasonal variations in the transmission of pandemic influenza viruses during the 20th century, as they appeared to have had either a secondary or a tertiary wave of activity at the time of the historical influenza season.[6](#irv12106-bib-0006){ref-type="ref"}, [7](#irv12106-bib-0007){ref-type="ref"} The A(H1N1)pdm09 pandemic of 2009--2010 also demonstrated a seasonal component to transmission early during the pandemic, in the Americas.[8](#irv12106-bib-0008){ref-type="ref"} For example, surveillance during April to August 2009 pointed to higher rates of A(H1N1)pdm09 infection in Southern Hemisphere temperate countries, where the pandemic began at the time that seasonal influenza activity was expected.[5](#irv12106-bib-0005){ref-type="ref"}, [9](#irv12106-bib-0009){ref-type="ref"}, [10](#irv12106-bib-0010){ref-type="ref"}

The A(H1N1)pdm09 pandemic provides a unique opportunity to study pandemic influenza transmission dynamics because there were more surveillance data from tropical and subtropical countries obtained during this pandemic than from any previous time in history.[11](#irv12106-bib-0011){ref-type="ref"} The objectives of our study are to describe the transmission patterns of the A(H1N1)pdm09 virus throughout the world and to identify whether they varied in relation to geography (i.e., latitude and climatic regions) and time of year when A(H1N1)pdm09 was first detected in relation to countries\' historical influenza season. This knowledge could be useful for pandemic preparedness, as it might help identify the best timing for the implementation of public health interventions or the distribution of limited supplies during a pandemic.

Methods {#irv12106-sec-0007}
=======

We compiled laboratory‐confirmed influenza virological reports for the influenza A subtypes H3N2, seasonal H1N1, and A(H1N1)pdm09 from recognized sovereign states and other administrative regions (i.e., entities not formally recognized as sovereign states such as New Caledonia) around the world (all referred to as 'countries' from now on). The study period included the 62 weeks from June 11, 2009, to August 10, 2010, coinciding with the official start and end date of the pandemic period, as stated by the World Health Organization (WHO). Our data sources included virological influenza data obtained by WHO in FluNet[11](#irv12106-bib-0011){ref-type="ref"} as well as regional and national laboratory surveillance Web sites (e.g., <http://www.euroflu.org>, <http://www.nicd.ac.za/>). We analyzed influenza virological data from countries that reported laboratory‐confirmed influenza results for ≥70% of weeks in the study period and that reported \>120 positive A(H1N1)pdm09 samples during the study period. We obtained 2010 World Population Projections and population density by country.[12](#irv12106-bib-0012){ref-type="ref"} In addition, we categorized countries by income groups according to World Bank classifications (high income, upper‐middle income, lower‐middle income and low income)[13](#irv12106-bib-0013){ref-type="ref"} to identify whether income groups were equally represented in our study (trend test).

We examined each country\'s influenza virological data by calculating the proportion of A(H1N1)pdm09‐positive specimens identified each week, out of all A(H1N1)pdm09‐positive samples tested during the study period (weekly proportion). We then graphed the weekly proportions for each country to help us visualize the countries\' influenza activity. We used locally weighted scatterplot smoothing (LOESS) to create smoothed curves of influenza activity for each country (Figure [1](#irv12106-fig-0001){ref-type="fig"}). Using the smoothed data, we determined the following parameters of A(H1N1)pdm09 activity for each country: week of first detection of the A(H1N1)pdm09 virus, the proportion of A(H1N1)pdm09 specimens detected during the week of highest activity (peak activity), number of weeks from first A(H1N1)pdm09 detection until the week of peak activity (time to peak), number of weeks when 90% of A(H1N1)pdm09 specimens were detected (i.e., time encompassing the 5th and 95th percentiles of cumulative A(H1N1)pdm09 weekly proportion), and number of waves of A(H1N1)pdm09 activity during the study period. We defined a wave as the time period including an increase and subsequent decrease in A(H1N1)pdm09 activity and including a peak week of activity. A peak week was defined as a week during which the LOESS‐smoothed proportion of A(H1N1)pdm09 activity was higher than the week immediately preceding it and immediately following it, and when the weekly proportion was at least 1% higher than in the troughs on either side. For example, Costa Rica showed only one wave of pandemic activity (Figure [1](#irv12106-fig-0001){ref-type="fig"}); the proportion of A(H1N1)pdm09‐positive specimens identified during the peak week (week 27) was 6·7%, and it was 0·5% during the trough week that followed (week 43). The smaller increases observed later in the study period did not meet the peak definition. This method helped us to avoid counting spurious fluctuations as peaks and was selected after evaluating a range of thresholds.

![Examples of the weekly proportion of influenza A(H1N1)pdm09‐positive specimens using locally weighted scatterplot smoothing technique in three selected countries.](IRV-7-1328-g001){#irv12106-fig-0001}

Countries were then classified into climatic regions by using their central latitude (i.e., the latitude at the center of the country): Northern and Southern temperate (central latitude ≥\|30*°*\|), subtropical (central latitude \|23·5--29·9\| and tropical (central latitude ≤\|23·4*°*\|).[14](#irv12106-bib-0014){ref-type="ref"} We also classified countries into two other categories: those where A(H1N1)pdm09 was first detected during the start of the country\'s historical influenza season and those where A(H1N1)pdm09 was detected at any other time. The start of the historical influenza season was defined as the time encompassing the 6 weeks before the start of the influenza season and the first half of the season. The timing of country\'s historical influenza season (i.e., typical month of start and end of the season) was only known for a subgroup of countries (17 in temperate regions and 22 in tropical--subtropical regions) based on data from a prior study.[15](#irv12106-bib-0015){ref-type="ref"} In the case of China, data from mainland temperate and subtropical regions, Chinese Taipei and Hong Kong SAR, were analyzed separately.

We quantified the number of weeks between initial detection of A(H1N1)pdm09 in Mexico and the United States (third week in April 2009) and the first report of A(H1N1)pdm09 in every country. We then calculated the median number of weeks of first A(H1N1)pdm09 detection for each continent. We compared the parameters of A(H1N1)pdm09 activity described above (peak activity, time to peak, number of weeks between the 5 and 95th percentiles of cumulative A(H1N1)pdm09 weekly proportion, and number of waves) between countries in temperate and tropical--subtropical climatic regions. We also compared the same parameters of A(H1N1)pdm09 activity between countries where A(H1N1)pdm09 was first detected during the start of countries\' historical influenza season and those where A(H1N1)pdm09 was introduced at any other time of the year. This was made for the subgroup of 39 countries for which we had data on the timing of the historical influenza season, as described above.

In addition, we explored whether there was a correlation between the following variables: peak activity and the proportion of cases within the 12‐week period around the peak; latitude and peak activity; latitude and number of weeks from detection of A(H1N1)pdm09 to countries\' peak week; latitude and the proportion of total A(H1N1)pdm09‐positive specimens out of total influenza A‐positive specimens during the pandemic. Lastly, we calculated the minimum doubling time of A(H1N1)pdm09 in each country using the following formula: doubling time = ln(2)/ln(weekly proportion of A(H1N1)pdm09/proportion in the previous week). We compared the mean doubling time in Northern Hemisphere temperate, Southern Hemisphere temperate, and tropical--subtropical countries.

We used [sas]{.smallcaps} 9.2 (SAS Institute Inc., Cary, NC, USA) to conduct Wilcoxon rank sum tests and Kruskal--Wallis tests to compare continuous data, chi‐square tests to compare categorical data, Spearman\'s test to identify correlations, and Cochran--Armitage test to identify trends.

Results {#irv12106-sec-0008}
=======

Description of the study population and geographical spread {#irv12106-sec-0009}
-----------------------------------------------------------

From surveillance databases, we had access to data from 128 countries. Eighty of these countries provided sufficient laboratory‐confirmed influenza data to meet our inclusion criteria and were included in our analyses (Figure [2](#irv12106-fig-0002){ref-type="fig"}) (Table S1). The 80 countries have a cumulative population of 5·5 billion persons or 80% of the world\'s population. Among these 80 countries, 47 (59%) were classified as temperate (45 from the Northern Hemisphere and two from the Southern Hemisphere) and 33 (41%) were tropical--subtropical. As there were only five subtropical countries, we grouped them with the tropical countries for all analyses. Among 213 countries that had been classified by the World Bank into income group classifications, our sample countries included 31 (45%) of 69 high‐income countries, 21 (44%) of 48 upper‐middle‐income countries, 17 (30%) of 56 lower‐middle‐income countries, and 8 (20%) of 40 low‐income‐countries (test for trend, *P* \< 0·01).

![Map of the world highlighting the countries included in our analyses and the number of weeks from the time of first world detection of influenza A(H1N1)pdm09 (third week of April, 2009), until the median week of detection in each continent.](IRV-7-1328-g003){#irv12106-fig-0002}

The median number of weeks from first detection of A(H1N1)pdm09 in Mexico and the United States (third week in April 2009) until first detection in countries from each continent was 2 weeks (range 0--20) in North/Central America, 3 weeks (range 0--15) in South America, six weeks (range 2--21) in Europe, 8 weeks (range 5--10) in Oceania, 9 weeks (range 2--40) in Asia, and 16 weeks (range 7--25) in Africa (*P* \< 0·01) (Figure [2](#irv12106-fig-0002){ref-type="fig"}).

Parameters of A(H1N1)pdm09 activity by climatic region and latitude {#irv12106-sec-0010}
-------------------------------------------------------------------

The median proportion of A(H1N1)pdm09 specimens detected during the peak week (peak activity) was significantly higher in temperate (0·12) than in tropical--subtropical (0·09) regions (*P* \< 0·01) (Table [1](#irv12106-tbl-0001){ref-type="table-wrap"}). We found fewer median number of weeks between the 5th and 95th percentiles of the A(H1N1)pdm09 weekly proportion in temperate countries (20 weeks \[13--24 interquartile range (IQR)\]) than in tropical--subtropical countries (27 weeks \[17--44 IQR\], *P* \< 0·01) (Table [1](#irv12106-tbl-0001){ref-type="table-wrap"}). We also identified a positive correlation between peak activity and the proportion of cases within the 12‐week period around the peak (*r* ~*s*~ = 0·79, *P* \< 0·01) (Figure [3](#irv12106-fig-0003){ref-type="fig"}A). The median number of weeks from first detection of A(H1N1)pdm09 to peak week was 25 weeks (20--27 IQR) in temperate and 9 weeks (6--16 IQR) in tropical--subtropical countries (*P* \< 0·01), consistent with a positive correlation between country latitude and number of weeks from country detection of A(H1N1)pdm09 to country peak week (*r* ~*s*~ = 0·46, *P* \< 0·01) (Figure [3](#irv12106-fig-0003){ref-type="fig"}B).

###### 

Parameters of influenza A(H1N1)pdm09 activity by climatic region

  Parameters of A(H1N1)pdm09 activity                                                                                        Temperate countries (*n* = 47)   Tropical and subtropical countries (*n* = 33)   *P* value
  -------------------------------------------------------------------------------------------------------------------------- -------------------------------- ----------------------------------------------- -----------
  Peak A(H1N1)pdm09 weekly proportion[a](#irv12106-note-0002){ref-type="fn"} (peak activity)                                 0·12 (0·09--0·14)                0·09 (0·07--0·12)                               \<0·01
  No. of weeks between the 5th and 95th percentiles of cumulative weekly proportion[a](#irv12106-note-0002){ref-type="fn"}   20 (13--24)                      27 (17--44)                                     \<0·01
  No. of weeks from first detection to peak week[a](#irv12106-note-0002){ref-type="fn"}                                      25 (20--27)                      9 (6--16)                                       \<0·01
  Countries with \>1 wave, no. (%)                                                                                           16 (34)                          10 (30)                                         0·81

Wilcoxon rank sum tests and Kruskal--Wallis tests were used to compare continuous data, chi‐square tests to compare categorical data.

Median (interquartile range).

John Wiley & Sons, Ltd

![Correlation between countries\' influenza A(H1N1)pdm09 weekly proportion in the peak week (peak activity) and the proportion of cases within the 12‐week period around the peak (A). Correlation between country latitude and number of weeks from country detection of influenza A(H1N1)pdm09 until countries\' peak week (B). Mean influenza A(H1N1)pdm09 minimum doubling times by geographical region (C). Correlation between countries\' central latitude and the proportion of influenza A(H1N1)pdm09‐positive specimens, out of all influenza A‐positive specimens (D).](IRV-7-1328-g002){#irv12106-fig-0003}

In 44 (98%) of 45 Northern Hemisphere temperate countries, the peak week occurred within the 12 weeks from the 2nd week of October to the 4th week of December 2009, a time corresponding to the autumn--winter period in the region (Figure [4](#irv12106-fig-0004){ref-type="fig"}). This time typically also corresponds to the early part of the countries\' historical influenza season. The peak week of the two Southern Hemisphere temperate countries also clustered within their autumn--winter period. However, among the tropical countries, the peak week occurred over a period of 47 weeks, extending from the 3rd week of May 2009 to the 4th week of March 2010. There were 26 countries with more than one wave of activity, but there was no significant difference in the number of waves, by climatic region (Table [1](#irv12106-tbl-0001){ref-type="table-wrap"}). The mean A(H1N1)pdm09 minimum doubling time was not significantly different in Northern Hemisphere temperate (6·3 days \[2·6 SD\]), Southern Hemisphere temperate (5·7 days \[1·5 SD\]), and tropical--subtropical countries (6·2 days \[2·3 SD\]) (*P* = 0·4) (Figure [3](#irv12106-fig-0003){ref-type="fig"}C).

![Time course of the peak influenza A(H1N1)pdm09 weekly proportion (peak week) by country and climatic region. The black bars represent the peak week of H1N1pdm09 virus activity for each country during the pandemic.](IRV-7-1328-g004){#irv12106-fig-0004}

We found a positive correlation between countries\' central latitude and countries\' proportion of total A(H1N1)pdm09‐positive specimens out of total influenza A‐positive samples for the pandemic period (*r* ~*s*~ = 0·76, *P* \< 0·01) (Figure [3](#irv12106-fig-0003){ref-type="fig"}D).

Parameters of A(H1N1)pdm09 activity in relation to the start of the historical influenza season {#irv12106-sec-0011}
-----------------------------------------------------------------------------------------------

We had data on the timing of the historical influenza season for a subgroup of 39 countries. The median number of weeks from first A(H1N1)pdm09 detection until peak week was 8 weeks (6--13 IQR) in countries where A(H1N1)pdm09 was first identified during the start of their historical influenza season. The median number of weeks from first detection until peak week was 25 weeks (20--27 IQR) in countries where first detection occurred at any other time of the year (*P* \< 0·01). Three of 14 (21%) countries had more than one wave of A(H1N1)pdm09 where A(H1N1)pdm09 was introduced during the start of the historical influenza season, compared with 12 of 25 countries (48%) where it was introduced during any other time, although this difference was not statistically significant (*P* = 0·17). There was no statistically significant association between peak activity and the median number of weeks between the 5th and 95th percentiles of A(H1N1)pdm09 weekly proportion, among countries where A(H1N1)pdm09 was introduced during the start of the historical influenza season compared with countries where it was introduced at any other time of the year (Table [2](#irv12106-tbl-0002){ref-type="table-wrap"}).

###### 

Parameters of influenza A(H1N1)pdm09 activity in countries where influenza A(H1N1)pdm09 was first detected during the start of countries\' historical influenza season and countries where it was first detected at a different time of the year

  Parameters of A(H1N1)pdm09 activity                                                                                        First detection of A(H1N1)pdm09   *P* value           
  -------------------------------------------------------------------------------------------------------------------------- --------------------------------- ------------------- --------
  Peak A(H1N1)pdm09 weekly proportion[a](#irv12106-note-0004){ref-type="fn"} (peak activity)                                 0·12 (0·09--0·15)                 0·08 (0·07--0·12)   0·17
  No. of weeks between the 5th and 95th percentiles of cumulative weekly proportion[a](#irv12106-note-0004){ref-type="fn"}   24 (14--46)                       25 (18--30)         0·86
  No. of weeks from first detection to peak week[a](#irv12106-note-0004){ref-type="fn"}                                      8 (6--13)                         25 (20--27)         \<0·01
  Countries with \>1 wave, no. (%)                                                                                           3 (21)                            12 (48)             0·17

Wilcoxon rank sum tests and Kruskal--Wallis tests were used to compare continuous data, chi‐square tests to compare categorical data.

Median (interquartile range).

John Wiley & Sons, Ltd

Discussion {#irv12106-sec-0012}
==========

During the 2009--2010 pandemic, A(H1N1)pdm09 activity was associated with latitude; specifically, our analysis demonstrated that temperate countries had higher intensity (higher median peak) but shorter duration of A(H1N1)pdm09 activity (fewer weeks between the 5th and 95th percentiles) than tropical--subtropical countries. The positive correlation between peak activity and the proportion of cases within the 12‐week period around the peak demonstrates that countries with higher peak incidence had more concentrated waves overall. These findings are consistent with our initial hypothesis, as we anticipated that pandemic influenza would show similar behavior to seasonal influenza viruses and readily transmit, during a shorter time period, in temperate climate countries, and demonstrate less intense activity spread out over a longer period of time in tropical climate countries.

We also demonstrate that in Northern and Southern Hemisphere temperate countries, the peak week of pandemic activity was most frequently identified within a 12‐week period during their autumn--winter season (the time of year when seasonal influenza is typically circulating), while in tropical countries, the timing of the peak was heterogeneously distributed over a 47‐week period. These findings may explain why the median number of weeks from first A(H1N1)pdm09 detection until reaching peak week was longer in temperate climate countries, as 45 of 47 temperate countries in our study were in the Northern Hemisphere, and they were experiencing spring when A(H1N1)pdm09 was introduced (a time of year when influenza activity is low in these climatic regions). It is also consistent with our finding that countries where A(H1N1)pdm09 was introduced during the start of their historical influenza season had less time until peak A(H1N1)pdm09 activity was reached, and although not statistically significant, these countries also had lower probabilities of having a second wave of pandemic activity. As the timing of the historical influenza season corresponds to the time of year when the environmental, social, or biological factors responsible for influenza seasonality create a setting for enhanced influenza virus transmission,[2](#irv12106-bib-0002){ref-type="ref"}, [3](#irv12106-bib-0003){ref-type="ref"} we suggest that these factors might also have a role in the transmission of novel influenza viruses.

The positive correlation between countries\' central latitudes and their proportion of A(H1N1)pdm09‐positive specimens out of all influenza A‐positive specimens maybe the result of the emergence of A(H1N1)pdm09 when little to no seasonal influenza was circulating in northern hemisphere temperate countries; hence, A(H1N1)pdm09 would comprise a higher proportion of influenza infections. In contrast, in tropical countries, with more year‐round influenza transmission and seasonal influenza circulating, A(H1N1)pdm09 would comprise a lower proportion of infections.

Our findings have implications for pandemic preparedness, as they could inform the timing when supplies, services, and public health interventions might be most needed during a pandemic. The time from first identification of a novel influenza strain until it is detected in every continent can be weeks, and countries that are not in the epicenter of a pandemic should consider using this time to implement early interventions that may help further delay the spread of pandemic viruses, as recommended by WHO.[16](#irv12106-bib-0016){ref-type="ref"} Countries in temperate climates might need to plan for the highest levels of activity during the autumn--winter (despite the fact that some might face an initial wave of activity close to the introduction of the pandemic virus); this is supported by findings from previous pandemics in countries like the United States., where peaks of activity occurred during the autumn/winter months.[6](#irv12106-bib-0006){ref-type="ref"}, [7](#irv12106-bib-0007){ref-type="ref"}, [17](#irv12106-bib-0017){ref-type="ref"} Countries in tropical climates can expect influenza activity to be spread out over a longer period of time, with no evident pattern in the timing of their peak activity. Other investigators have made efforts to use influenza information obtained through current surveillance systems along with morbidity and mortality data from previous pandemics to generate models that may help estimate the burden of a future pandemic.[18](#irv12106-bib-0018){ref-type="ref"} There were also several contributions from mathematical modeling during the A(H1N1)pdm09 pandemic.[19](#irv12106-bib-0019){ref-type="ref"} Some models have even looked at the role of seasonality in previous pandemics as well as the potential role in future pandemics.[20](#irv12106-bib-0020){ref-type="ref"} Our findings suggest the potential utility of accounting for latitude and historical timing of the influenza season when modeling the behavior of pandemic viruses.

This study has several important limitations. Although we analyzed data from 80 countries containing approximately 80% of the world\'s population, these data might not be representative of all regions within each country, and our data may not be globally representative. This is especially true of lower‐income countries, as these were under‐represented in comparison with higher‐income countries. The number of samples tested, laboratory methods used, sampling criteria, and reporting practices varied by country which might limit the comparability of data between countries. Timing of the historical influenza season was known for less than half of the countries in this study. We were unable to compare the absolute incidence of A(H1N1)2009 between countries, as data available to us did not include rates of illness.

Conclusion {#irv12106-sec-0013}
==========

The transmission of pandemic influenza A(H1N1)2009 exhibited important similarities with the transmission of seasonal influenza, despite the fact that it was a novel virus to which the majority of the population had little preexisting immunity. In comparison with tropical and subtropical countries, we found that countries in temperate climates had higher peaks, shorter durations of pandemic activity, and higher proportions of A(H1N1)pdm09 among influenza A‐positive samples. The time of year likely played a role in temperate climate countries, as the peak of pandemic activity occurred during the fall--winter period in most countries. These findings may be useful in future pandemic preparedness planning.
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